Abstract The goal of reducing carbon fuel and thereby saving energy will increase the use of lake water for heating and cooling of riparian infrastructures. This raises the question of which heat use designs meet the ecological and technical requirements for lakes, particularly in regard to climate warming. Thus, this study explores heat use effects on the temperature and stratification of a large, deep, temperate lake by applying the one-dimensional k-epsilon model SIMSTRAT to various forcing scenarios. Several design parameters, such as extraction and discharge depth, and their effects were assessed. Additionally, 21st century climate projections were used to evaluate the effects of climate change relative to those of heat use. Generally, the study showed only minor effects for a realistic heat demand of 62Wm 22 quite independent of the heat extraction/discharge modes. Mean water temperature changed less than 60.2 C as long as there was no discharge into the deepest layers. Water extraction and discharge at the surface had the least thermal influence. To relate to climate change, heat use was scaled up to 185 W m 22 . Resultant simulations showed that such (unrealistic) anthropogenic, lake-based ''thermal pollution'' would have a comparable influence to that of climate change. Conversely, heat extraction could damp or even compensate climateinduced warming. The present study concludes that (i) there are minor effects on water temperatures, stratification, and seasonal mixing due to heat use of up to 62Wm 22 and (ii) those influences are insignificant relative to the expected climate change.
Introduction
Lakes are well suited sources and sinks of heat. The large heat capacity of water makes lakes attractive as thermal energy source for heat pumps to warm buildings. Heat pumps transport heat from a heat source, such as air, underground, or ground-and surface water, to a heat sink. For this, they use thermodynamic cycles (e.g., vapor compression) similar as it is used in refrigerators. Hereby, the expense on external energy (electricity) may be less than a fourth of the heat yield [Lund et al., 2004] . Lakes have also been used for thermal discharge of small and large cooling systems [e.g., Newman and Herbert, 2009 and Sarauskiene, 2002, respectively] . For current installations (Table 1) , heat discharges vary from a few W m 22 from heat pumps to more than 50 W m 22 from nuclear power plants [Lake Stechlin, Germany; Kirillin et al., 2013] .
In addition to expected heat use, there is overwhelming evidence supporting temperature increases in surface waters due to climate change [Adrian et al., 2009; Arvola et al., 2010; Fink et al., 2014; IPCC, 2013] . Observed increasing water temperature is strongly correlated to the signal of increasing air temperatures [Livingstone, 2003; Straile et al., 2003] . As a result, periods of summer stagnation of the water column may become longer and the strength of the stratification and heat content may increase [Verburg and Hecky, 2009] . Both climate change and heat use affect the sensitive aquatic ecosystems as water temperature is a key control for most physicobiological and biogeochemical processes [Davidson and Bradshaw, 1967; Fry, 1967] . Therefore, excessive discharges of heat into natural surface waters and subsequently increased temperatures have negative effects on water quality and are therefore often referred to as ''thermal pollution.'' In fact, even changes in water temperature of about 1 C may already interfere with ecological systems [Scheffer et al., 2001] and influence the structure of biotic communities [Prats et al., 2010] .
Ultimately, it is vital to balance the vulnerability of aquatic ecosystems, the demand for heat use, and anticipated effects of climate change in the most informed way possible. The capabilities and limits of heat use from lakes must be determined to avoid negative effects on water quality. This requires evaluating quantitatively the effects of cold and warm thermal pollution on lake temperature and the water column's seasonal stratification/mixing. Although there are various publications focused on the influence of heat discharge (Table 1) , a rigorous system-analytical evaluation has not yet been performed.
This study aims to fill this gap by providing an objective characterization of expected changes in lake water temperature and seasonal stratification. The large, central European, temperate Lake Constance serves as a representative system. The one-dimensional k-epsilon lake model SIMSTRAT Peeters et al., 2002] was calibrated and validated for the period1984-2011 and scenario studies were used to explore multiple heat use designs and their effects on physical properties (such as temperature, stratification, and seasonal mixing). We focused on the average heat use effects that incorporate all heat users at the lake. Hence, a horizontal averaging 1-D model was sufficient for this purpose. One should keep in mind, that local horizontal variations are not resolved. Total variations in levels of heat exchange, as well as extraction and discharge depths, were tested. Additionally, potential restrictions on lacustrine heat use due to climate change were incorporated into the evaluation. Results show that, while systemspecific parameters such as depth must be considered individually, the calculated low changes of water temperature and stratification indices at heat uses of 62Wm 22 and the preponderating climate change effects will be quantitatively relevant for a broad range of potential feasibility studies on other lake systems.
Study Site
Lake Constance, situated on the Plateau north of the Alps (Figure 1 ), was chosen as a well suited study site. In this study, all analyses refer to the 254 m deep and 472 km 2 large main basin, called ''Obersee,'' which has avolumeof47.6 km 3 . The major positive water balance components are the inflows of Rhine River (63.7%), Bregenzer Ach (12.1%) and numerous small tributaries [Gilfedder et al., 2010] . 4.7% of the total water intake is attributed to precipitation [Gilfedder et al., 2010] . The lake primarily loses water by a single outflow (Rhine River, 367 m 3 s 21 on average), evaporation (8 m 3 s
21
; Fink et al., 2014] , and withdrawal for drinking water (3.9 m 3 s
). Due to snow and glacier-melt in the alpine part of the catchment, the nonregulated lake water level is on average 1.5 m higher in early summer compared to late winter. The variable climate, such as the present changes, has effects on the lake heat balance [Wahl and Peeters, 2014] . The water surface temperature increased by 0.046 Cyr 21 in the past decades [Fink et al., 2014] and the inflow temperatures of the Rhine River increased by 0.028 Cyr
. The oligotrophic Lake Constance Brezina et al. [1970] Monrose Reservoir, U.S. Thermal discharge from power plant; effects to water quality of the receiving reservoir. Mumford et al. [1973] Lake Ontario, U.S. Thermal discharge from power plant; investigation of surface cooling and lateral diffusion of a thermal effluent. Boyce et al. [1993] Lake Ontario, U.S. Deep cooling water withdrawals; response of the thermal structure of the lake. B€ uy€ ukalaca et al. [2003] Seyhan River, Turkey Heat pump; comparison water-air heat sink-source. Chen et al. [2006] Mengze Lake, China Open-loop lake water heat pump; effects onto lake temperature. MacDonald [2009] Mt. Hope Bay, U.S. Thermal discharges from power plants; enhanced surface cooling. Kirillin et al. [2013] Lake Stechlin, Germany Thermal discharges from nuclear power plant; consequences on lake temperature and mixing regime. Figure 1 . Map of Lake Constance, Rhine inflow and outflow, as well as the sampling sites: meteorological station G€ uttingen (A), the location of the deepest lake profiles used in this study (B) , and location of the currently largest heat discharge near the City of Friedrichshafen (C). This figure is a modification of Figure 1 Fink et al. [2014] .
represents large and deep lakes in the temperate zone. One should bear in mind that the results of the present study are not directly applicable for small or shallow lakes. [Fink et al., 2014] . It is even small compared with the mean heat loss due to the Rhine River that is the main inflow and outflow (29Wm 22 ‫-‬ 24 GW).
Data

Meteorology
Energy exchange processes at the water-air interface were calculated with local ground data from the representative meteorological station G€ uttingen (MeteoSwiss). This station is at the southern shore of the lake (point A in Figure 1 ). It provides data of ground solar radiation G (W m
22
), air temperature T a ( C), east and north components of wind velocity at 10 m above ground u 10 and v 10 (m s 21 ), relative humidity rH (%), cloud cover C (0-1), and atmospheric water vapor pressure e a (hPa). These data were available for the period January 1981 to September 2012 on a daily resolution.
Water Temperature and Optical Properties
Temperature profiles of monthly routine measurements in the center of the lake (point B in Figure 1 ) were provided by the State Institute for Environmental Protection and Conservation Baden-W€ urttemberg (Germany; IGKB, 2012). These data cover the period 1963-2013. Temperature and runoff data of the main tributary Rhine River are available for the period 1984-2013 and, therefore, these data define the begin of the study period in 1984. Optical properties of the lake water were given as monthly values of Secchi depth z SD (m). However, in the model used in the present study (section 4), the absorption of shortwave radiation H s is estimated with the Lambert-Beer Law by H S ðzÞ5Gð12r s Þ exp ð2e abs zÞ
( 1) where r s is the reflection of ground solar radiation, e abs (m 21 ) is the absorption coefficient, and z (m) is the water depth (vertical distance from the water surface). The absorption coefficient changes dynamically and it was approximated for each monthly time step with the empirical equation (2) using the corresponding measured Secchi depth z SD and the coefficient K:
According to Poole and Atkins [1929] , K 5 1.7 is a rough approximation. Davies-Colley and Vant [1988] showed that K depends on the reflectance of water. K is 3.5 for dark humic bog lakes and is 0.6 for a bright muddy pond containing suspended clay minerals. Here we used K 5 1.3 for Lake Constance, which resulted from the model calibration.
Model Description and Calibration
Lake Model Formulation
Models based on turbulence closure schemes are widely used to calculate the temporal and spatial distribution of temperature and constituents in stratified natural waters [e.g., Imberger and Patterson 1981; Burchard et al. 1999] . In this study, we used a buoyancy-extended version of the one-dimensional vertical k-epsilon model SIMSTRAT by Goudsmit et al. [2002] that was applied to a medium-sized lake by Peeters et al. [2002] and has been tested various times since then [Perroud et al., 2009 ]. The turbulence model balances the turbulent kinetic energy (k), with sources of convective and shear-induced turbulence in the open water and boundary mixing at the sediment, as well as sinks of k by mixing against the stratification (turbulent diffusivity) and dissipation (epsilon). Details are provided in Goudsmit et al. [2002] . The model describes the vertical distribution of temperature, salinity (ignored in this application) and the mixing-relevant turbulence variables (horizontal currents, k and epsilon), and it assumes no horizontal gradients. Thus, all water properties and constituent concentrations in each model layer are averaged horizontally. In the present study, the layer thickness is 1 m (254 layers) and the time step is 10 min.
The governing equations are discussed in detail in Goudsmit et al. [2002] . For temperature, it is
The symbols used in equation (3) are defined in Table 2 . The inclusion of an energy reservoir for the internal seiching E seiche (J), the particular characteristic of the model used , provides the base for the hypolimnetic turbulence production at the sediment surface P seiche described by The surface boundary condition is defined by the net heat flux H net (W m 22 ), which represents the sum of all air-water heat flux contributions but not the shortwave radiation H S (section 3.2). Incoming fluxes are positive and outgoing fluxes are negative. H net is calculated by
where H A is the longwave absorption (pos), H W is the longwave emission (neg), H E is the heat flux by evaporation/condensation, and H C is the heat convection. The latter two components can have either sign. Equation (5) does not contain the effects of shortwave absorption (pos) within the water column which is included in the basic equation for temperature (equation (3); second term on the right-hand side) as a separate source term. The heat flows from the lake sediment is included in the model, and it is assumed to be 0.1 W m 22 on average in Lake Constance [Finckh, 1981] . A summary of the implemented heat flux equations for calculating H net is given in Table 3 .
The temperature and discharge of the Rhine River into the surface layer as well as the water extraction and discharge at selectable depths were given as time series of temperature and flow rate. This allowed varying the depth, temperature, and water flow over time. Regarding the objectives of this study, this feature was an additional argument-besides the confirmed reliability of the model [Perroud et al., 2009 ]-for the choice for this k-epsilon model out of the numerous available lake turbulence models.
Calibration and Validation
Calibration was done by minimizing the root-mean-square deviation between calculated and measured water temperature profiles from the deepest point of Lake Constance (measured data were available on average at a monthly interval for the depths given in the first column of Table 4 for the period from 1 January 1984 to 31 December 1997). The combined simultaneous and sequential calibration included the fitting of six parameters [definitions in Table 3 ) and turbulent diffusivity of temperature the fraction of wind energy that is transferred to E seiche , (iv) a best fit 5 0.74, (v) C D,eff,best fit 5 2 3 10 23 , and (vi) C 10,best fit 5 1.5 3 10 23 , the drag coefficient at the water surface. Low deviations between simulated and measured water temperatures were calculated for the 14 years validation period 1 January 1998 to 31 December 2011 (Figure 2 [Straile et al., 2010] . The simulated water temperatures in 250 m depth are too sensitive to warm winter air temperatures due to an overestimation of heat transport to the deepest layers of the lakes. Thus, mixing is overestimated at great depths.
Simulation Scenarios
Climate Scenarios
A potential future climate in the Lake Constance region is estimated by CH2011 [2011] . These projections were made for three regions within Switzerland as well as for local meteorological observation stations. Here we used the local projections with daily resolution for the station G€ uttingen (point A in Figure 1 ) for the Intergovernmental Panel on Climate Change emission scenario A1B. A balanced use of fossil and no fossil energy sources, a rapid economic growth, introduction of new efficient technologies, and a population peak at the mid of the 21st century are the characteristics of A1B. In CH2011 [2011] , local changes of the 2 m above ground temperature at each day of the year are given as changes relative to the average temperatures between the reference period and the average expected temperatures in the periods 2020-2049, 2045-2074, and 2070-2099, respectively . The available results of 10 statistical downscaling chains were averaged before use in the present study. Figure 3 shows the expected air temperature changes at station G€ uttingen (solid line: 2020-2049; dashed line: 2045-2074; and dash-dotted line: 2070-2099) for A1B. The future wind velocity, global radiation, and relative humidity were supposed to be unchanged because of no robust trends in the climate projections.
Heat Use Scenarios Tested
With the definition of illustrative scenarios we aimed at covering a wide range of possible heat use designs in order to study the sensitivity of Normalized root-mean-square error ( C/ C) (normalized by the range of measured temperature). the lake vertical structure on the use of heat. Four main heat use variables and their interactions were evaluated: (i) the water discharge Q (m 3 s 21 ), (ii) the difference between discharged and extracted water temperature DTð CÞ5T d 2T e , (iii) the depth of water extraction z e (m), and (iv) the depth of water discharge z d (m). The heat input/output E H (W) is not an independent variable by this definition and is given by
or by the area-specific heat flux q 5 E H /A S (W m 22 ), with A S as the lake surface area (5472 km 2 ). Five heat use scenario groups were defined to illustrate the range of variation of the heat use variables:
(i) The first group consists of scenarios with wide-ranging, but not necessarily realistic extraction/discharge designs and ignoring feasibility. These scenarios give the overall picture of the effects on temperature and stratification. Heat use is assumed steady without seasonal variation. Therefore, Q varied between 1.25 m 3 s 21 and 50 m 3 s 21 , and DT varied between 25 C and 110 C (Table 5) . A set of arrangements d1-d6 were tested by combining z e and z d (Figure 4) . The 216 combinations of Q, DT, and each , and DT varied between 11 C and 15 C (Table 5 ). These 36 simulations covered a heat discharge range of 0 to 11GW(0to12.1 W m 22 ).
(iv) These calculations combine heat extraction during winter (September-May) and heat discharge in summer (June-August; Table 5 ) of the scenario groups (ii) and (iii).
(v) These scenarios aim at comparing the effects of heat use with those of predicted climate change. In order to achieve temperature changes of similar magnitude as those resulting from climate change, E H was varied from 220 GW (242. (Table 5) . As for the scenario group (i), heat use was constant over the entire simulation period.
For each heat use scenario, the model was forced by the observed meteorological data for the period 1 January 1984 to 31 December 2011, or in case of scenario group (v) by including additionally the climate projections.
Scenario Evaluation Criteria
The effect of the potential heat use and the expected climate change was quantified with eight temperature and stratification indicators (Table 6 ; values given for reference scenario with no heat use), which were calculated as averages for the output of each scenario simulation. The duration DS (days) of the summer stagnation was defined as the time period in summer when the Schmidt stability exceeds a threshold value of 490 kJ m 22 . The Schmidt stability is ''defined as the work which would hypothetically be necessary to transform the observed density distribution into a vertically homogeneous density distribution by mixing without any change in the heat content'' [Livingstone, 2003 ]. Tests showed, that the threshold value was necessary to prevent erroneous detection of the beginning BS (doy 5 day of the year) of the summer stagnation due to short-term stratification events in winter. The Lake Number LN is a quantitative indicator for the probability of deep mixing [Robertson and Imberger, 1994] . LN is calculated as the ratio of the stabilizing forces by density stratification to the destabilizing force by wind. LN 1 indicates a weak and LN 1 a strong susceptibility for deep mixing. For a detailed description of LN, we refer to Robertson and Imberger [1994] . approximately independent of Q and DT at a constant product QDT (i.e., at constant E H ), and it can be linearly approximated with the empirical equation (7) for the designs d1, d2, and d4 to d6. Sensitivity @T 0m =@E H is slightly weaker for design d3 (equation (8)):
T 0m C ½ 511:8810:0723 E H GW ½R 2 51:00 ÀÁ
Surprisingly, the mean surface water temperature increases similarly if warmed surface water is discharged at the surface (d1), compared to cold deep water, which is discharged at the surface after warming (d6). Intuitively, one would expect a colder surface for d6. Indeed, cold bottom water cools the surface in summer (Figure 6a , blue line, day 150 to day 270). Also, as expected, design d1 warms the water surface all the year with a maximum in summer (red line in Figure 6a ). However, averaged over the whole year, both designs change the surface temperature by almost exactly the same amount (dashed lines in Figure 6a ). This is because d6-but not d1-draws down the entire water column and thus increases the thickness of the epilimnion, as well as the temperatures in the hypolimnion (blue line in Figure 6b ). Consequently, more heat is stored in deeper water layers. Furthermore, less energy is lost to the atmosphere due to the colder surface water. In total, the effect is a higher heat content in d6. In winter, when surface water is convectively mixed and the heat is distributed almost homogenously over the entire water column, this excess heat leads to a warming of the surface temperature compared to the scenario without heat use (blue line in Figure 6a) . Evidently, in d6 this effect of increasing hypolimnion temperatures disappears at small Q and high DT by keeping H E constant (the bright blue turns to a darker blue along the white line of e.g., 0.5 GW in Figure 7, d6) . Conversely, the average heat content of the lake is higher if water is just pumped from deep layers to the surface without warming.
Epilimnion Temperature
The mean measured temperature T 0to20m is 9.42 C. In the scenario group (i), the simulated T 0to20m vary between 9.22 C(Q 5 50 m 3 s 21 , DT 525 C, d2) and 9.72 C(Q 5 50 m 3 s 21 , DT 5 10 C, d6). If E H is negative, water extraction at the surface and discharge in 45 m depth is the design with the largest effect on T 0to20m . Because of the above described effects, the mean epilimnion temperature is slightly higher if cooled water is discharged at the surface, except if it was also extracted there.
T 0to20m is not independent of Q and DT at a constant product QDT as it was observed for T 0m : the effect of increasing temperature at high E H can be reduced by increasing Q at a lower DT in d2 and d3. Reversely, low Q and high DT reduce the effect of an increasing mean epilimnion water temperature in d4 and d6. C, d5) were achieved for T254m in scenario group (i). The deepwater temperature increases obviously most significantly when (warmer) water is extracted at the surface, warmed additionally, and then discharged into the deepest reaches (Figure 7, d3) . Contrarily, the change of deepwater temperature is little if the water discharge is lifted to a depth of 45 m (Figure 7, d2) . To summarize, the higher the level of the warm water discharge, the smaller are the effects on the water temperature in the entire hypolimnion. If warmed water is discharged at the surface, T 20to254m changes minimally.
Sensitivity of Summer Stagnation and Deep Mixing on Heat Use 6.2.1. Begin of Summer Stagnation
The summer stagnation begins on average between BS 5 doy 102 (11 April, Q 5 50 m 3 s 21 , DT 5 10 C, d2) and BS 5 doy 107 (16 April, Q 5 50 m 3 s 21 , DT 525 C, d5) in scenario group (i). If the lake is used as a heat sink, BS is shifted to earlier days. Reversely, if heat is extracted from the lake, summer stagnation starts later in the season. BS can be approximated with equation (9) except for d3. For this design, it is reversed: the more heat is extracted, the earlier is BS (equations (10) and (11) As an approximate rule of thumb, we conclude that BS is 1 day earlier for each GW of heat discharged to the lake. This also documents that the effect on the summer stagnation is very limited for realistic heat use demands.
Duration of Summer Stagnation
The simulations of scenario group (i) showed that DS varies between 241 days (Q 5 50 m 3 s 21 , DT 5 10 C, d3) and 258 days (Q 5 50 m 3 s 21 , DT 5 10 C, d2). If water is extracted at the surface and discharged at maximum depth, DS decreases in all DT and Q ranges (Figure 8, d3 ). This effect is smaller for lower discharges when keeping the product QDT constant (i.e., constant E H ). The largest extension of DS is observed if heated surface water is discharged in 45 m depth (Figure 8, d2 ). If water is discharged at the surface, DS changes only little (Figure 8 , d1, d4, and d6).
Lake Number
For each scenario of group (i), the mean Lake Number LN was calculated for the summer stagnation period (LN s ) and the in-between winter season (LN m ). The latter includes deep mixing in winter/spring and is about 0 with a tendency to negative values without heat use. These negative values occur if the water volume above the center of the volume is heavier than the volume below and the water column is unstable even without wind. There is almost no change of LN m in all extraction/discharge designs (little variation between 0 and 20.5). However, all values of LN s are much larger than 1, so there is always a strong stratification against the destabilizing forcing of wind in summer. Water extraction from and discharge to the nearsurface layer has negligible effects on the water column stability. But warmed hypolimnetic water that is discharged at the surface (designs d4 and d6) stabilizes the water column if DT1T 254m > T 0to20m , whereas water discharge near maximum depth reduce the stability during the period of a distinct epilimnion.
Realistic Heat Use Scenarios
Now we move the focus to realistic ranges of Q, DT, z e , and z d . Scenario group (ii), (iii), and (iv) calculations include regulations and management issues by which engineers may be faced with when designing real systems. Here constrains are defined as the limitation 21GW(22.1 W m
22
) < E H < 11GW(12.1 W m 22 ), the water extraction and discharge at 30 m depth, heat extraction during the period 1 September to 31 May (heating period), and a heat input during the period 1 June to 31 August (cooling period). In this study, we assume either heat input in the cooling period with no heat extraction in the heating period (scenario group (ii)) or no heat input in the cooling season with heat extraction in winter (scenario group (iii)). Both are printed as dots in Figure 9 . Scenario group (iv) is a combination of (ii) and (iii) (''3'' in Figure 9 ). Generally, by setting the above mentioned restrictions, the resulting changes of hypolimnion and epilimnion temperatures in summer and winter vary in a range of 0.1 C (Figure 9 ). These temperatures depend linearly on E H , whereby Q and DT may have different combinations at a constant E H of 61GW(‫-‬ 62.1 W m 22 ). Water temperatures in summer are lowest if heat is extracted in winter and no heat is discharged in summer (black dots on the left side of Figures 9a and 9c) . Heat discharge in summer (up to 1 GW) without heat extraction in winter increases summer water temperatures by 0.03 C. With both, heat extraction in winter and heat discharge in summer (the crosses in Figure 9 are flipped vertically at E H 5 0), there is a cooling of the summer lake temperatures by 0.05 C (Figures 9a and 9c ). Water temperatures in winter ( Figures  9b and 9d ) are about 0.03 C higher if water is used for cooling in summer. Regarding stratification indicators, the Lake Numbers during the heating and cooling seasons, as well as the beginning and duration of the summer stagnation barely change (Table 7) .
Comparing Heat Use With Climate Change Effects
The calculations of heat use scenario group (i) showed that extraction/discharge at the lake surface (design d1) has the lowest implications for water temperature and stratification. Hence, this design was chosen to extend heat use to higher values. Here we ignore the aesthetic and ecologic disadvantages of this design. The aim was to explore the lake's reaction on a heat use design that causes the lowest water temperature changes, and that is in the range of possible climate change effects. Climate change was factored into the evaluation by forcing the model with projected climate scenarios. This allowed comparing both, heat use and climate change. With no distinction between heating and cooling season, the effects of different E H were simulated for the four future mean climate conditions (section 5.1). In all depths, water temperatures react significantly onto both, climate change and heat use: If E H is 140 GW (184 W m 22 ), T 0m increases by 2.6 C, and it declines by 1.1 CifE H is 220 GW (242 W m
22
; Figure 10a ). At the end of the 21st century and with no heat use, T 0m is 2.6 C higher than in the measured period. This is about 90% of the mean air temperature increase (2.9 C). Comparing the past decades with the period 2070-2099 shows this approximately constant temperature addition for all E H . This addition is obviously less but also less homogeneous for T 0to20m , T 254m , and T 20to254m (Figures 10b-10d) . A nearly constant offset, due to climate change, is expected in the hypolimnion and the deepest reaches for positive E H . But negative E H cause less offset, thus, a weaker sensitivity of epilimnion and hypolimnion temperatures (Figures 10b-10d) . The global change effects on T 0m correspond to E H 112 GW (125 W m The climate change projections of A1B will extend the duration of summer stagnation by 59 days until 2099. This prolongation correspondents to a heat input of E H 5140 GW (185 W m
). Thus, the period of potential deep mixing shortens drastically. Assuming E H 5140 GW (185 W m 22 ) and an additional climate change, the lake will be stratified all the year in the middle of the 21st century. However, if E H will be around 212 GW (225 W m 22 ) in the year 2099, DS is similar to present conditions. Also, the beginning of the summer stagnation is shifted by climate change and by positive E H to earlier days of the year. In 2099 and if E H 5140 GW (185 W m 22 ), BS is approximately 1 month earlier (doy 76). Without heat use, it is shifted by 21 days. During the shortened winter time, when the lake is not stratified, convective mixing increases if heat is introduced into the surface layer. This is caused by shorter events of unstable temperature stratification, which are more distinct as the entire water body is warmer due to the high E H . In summer, LN s only increases as a result of the warmer climate, but not as an effect of positive E H . On the other hand, if the water surface layer is cooled down by 220 GW (242W m 22 ) LN s is only half of its value without any anthropogenic heat use.
Summary and Discussion
Several physical properties of the lake vertical structure, which include mean stability during summer stagnation, mean duration and beginning of summer stagnation, water surface temperature, hypolimnion temperature, and deepwater renewal/winter mixing, were studied for their sensitivity to heat extraction or heat discharge. Table 8 summarizes the parameter ranges that were calculated for the scenario groups (i)-(v).
Water Temperatures
The simulations showed that effects of heat exchange within ranges of 21GW ( 
Stratification
The begin and duration of the summer stagnation do not change drastically. Even at high heat exchanges, which are far above current use projections, the effects on summer stratification are small. A realistic heat extraction and discharge at the surface in a range of 61GW(62.1 W m 22 ) changes the beginning and duration of summer stagnation only by a few days. A weakening of the deep mixing due to heat use was not observed in any scenarios. Nonetheless, there are minor effects which are however smallest if water is removed and discharged in the upper few meters of a lake.
Heat Use Versus Climate Change
A heat discharge at the surface was superimposed with the projected 21st century climate change caused by the IPCC A1B scenario. The calculations showed climate-induced effects at the end of the 21st century that are comparable with heat pollution of about 140 GW (185 W m 22 ). On the other hand, the simulations indicated that climate change effects in 2049 could be compensated with a heat extraction of 214 GW (230 W m 22 ).
Effects on Ecology
Limits of heat use are quantified by the impact onto individual aquatic species and attended structure changes of ecosystems. We could not find any study that investigated the effects of cold water pollution in lakes. However, this is well documented for rivers. At Naomi River, New South Wales (Australia), hypolimnetic water discharge resulted in a temperature change of 25 C [Preece and Jones, 2002] . This causes a major threat to aquatic biota and spawning of native fish species is disturbed. Temperature change of 23 to 24 C due to abrupt temperature decrease causes higher drifting rates of benthic invertebrates [Carolli et al., 2012] . If due to thermopeaking, the temperature alteration is around 22 C there is no effect on the majority of aquatic organisms in alpine streams [Frutiger, 2004] . As a general rule, a temperature change of 20.5 to 10.5 C has no or only insignificant effects on ecology in rivers and lakes [Langford, 1990] .
More is known about the effect of temperature increases. At Lake Stechlin (Germany), temperature increases of 11 C due to nutrient-rich cooling water discharge of a thermal power plant caused an increase of primary production, increase in abundance of macrozoobenthos, changes in community structures, alterations and time shift in life cycles, increased bacteria activity, and a trend toward eutrophication [Koschel et al., 1985 [Koschel et al., , 2002 . In rivers, there is no effect on the majority of aquatic organisms in alpine streams at a temperature alteration of 12 C [Frutiger, 2004] . But at 13 C, Lessard and Hayes [2003] observed a decrease in cold water fish species, an increase in total fish species, and shifts in macroinvertebrate community, whereas Prats et al. [2010] found no negative effects on aquatic life. However, without exception, all studies observed negative implications at temperature alterations of 4 C [e.g., Levin et al., 1972; Sadler, 1980; Brauer et al., 1974; Neill and Magnuson, 1974] .
In the present study, mean heat use effects were modeled to be within the range of 60.2 C for realistic, demand-based heat use scenarios. Hence, we expect that the effects on lacustrine ecology due to heat use will be small and in an acceptable range, given the overall ecological benefit of the energy savings.
However, it is not only the direct effect of increasing water temperatures that stresses or changes the structure of aquatic ecosystems. Plankton reacts also sensitively to structural changes such as a deeper thermocline [Berger et al., 2007] . In addition, biomass yield decreases with increasing mixing depth if the mixing depth is near or larger than the euphotic depth [Diehl et al., 2002] . Assuming a discharge of 50 m 3 s 21 and water allocation according scenario d6, mixing depth is 1.6 m deeper at the end of the summer stagnation compared to no heat use, and summer stagnation will last for a few days more (Figure 8 ). These interactions are complex and worth to be investigated with relation to heat use in further studies.
Practical Issues
The operation of heat pumps to heat buildings requires water that is relatively warm even during cold periods. Additionally, the temperature variations-especially on short term-should be as low as possible for efficient operation. The lake's water surface may not fulfill these requirements. Figure 11 shows the mean profile of minimum temperatures, mean temperatures, and temperature variations during the heating season 1 September to 31 May for the period 1984-2011 in Lake Constance. Cold weather periods and even ice could limit heat yields in the upper 10 m. On the other hand, temperatures are too low in depths where low variation would be ideal for heat pump operation. Hence, a depth of 20-40 m is probably a compromise for many temperate lakes. Design d5, with an extraction and discharge in 45 m depth, is closest to this mode of operation.
In some cases, there may be a need for artificial enhanced mixing. Heating up the deepest part of the hypolimnion in summer (e.g., as an effect of cooling water discharge) supports complete overturns in the following winter. The vertical stability will be lower. As well, intensive heat input could also increase the frequency of periods with inverse stratification and there would be a shorter period of summer stagnation (Figure 8 , d3). Heat input to the hypolimnion boosts vertical mixing. But generally, in such cases one should carefully balance out the ecological damages due to temperature increases and probably small water quality benefits.
Limitations of the 1-D Approach
In this study, we used a 1-D model. One should have in mind that it provides-in contrast to higher dimensional models-representative and effective results for each horizontal layer. For example, if the model calculates 20 C at the water surface then this should be interpreted as a representative or an average and not as a real local value. Local effects like warm bays and cold open water, such as due to upwelling or downwelling, are averaged horizontally. This means local effects depend on the distribution and localization of the individual heat users and can therefore only be estimated for specific projects.
Conclusion
The emphasis of the present study was on exploring limits and capabilities of heat use from lakes by taking probable future climate and the sensitive ecosystem into consideration. We conclude that there is a high potential for large, deep, and temperate lakes as heat sinks and sources: (i) there are quite low effects on the lake vertical structure for realistic demand-scenarios based on 1 kW per person living near lakes. Water surface temperature is changed by maximal 0.2 C if the mean heat use is 62Wm 22 (no discharge into the hypolimnion), respectively at Lake Constance, 61 GW. Within these margins, there are negligible effects on deep winter convection and summer stagnation. Therefore, the effect on the aquatic ecosystem is expected to be minimal. However, this depends on the water volume and might be different for small and shallow lakes. (ii) Water extraction and discharge in the very top of the water body minimized the effects. Discharge into the deep hypolimnion should be avoided. (iii) It has been shown that climate-induced effects overtop heat use effects by far.
